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Introduction
Structural and functional magnetic resonance imaging (MRI) has provided valuable information on the impact of blindness on central visual pathways. Numerous studies document the effects of vision loss on structural connectivity, but are limited in describing changes following treatment. A diffusion tensor imaging (DTI) study conducted with late-blind glaucoma patients found decreased diffusivity along the optic radiation. 1 However, other studies have demonstrated that structural connectivity changes are minor or absent in individuals who lose their sight later in life: Li et al. 2 found that age at onset of blindness is correlated negatively with the mean number of connections throughout the cortex, with late-blind patients having a greater connectivity density (similar to that of sighted individuals) than early or congenitally blind patients. Other findings have demonstrated that late-blind retinitis pigmentosa (RP) subjects exhibit changes in cortical thickness, compared to their sighted counterparts, that are correlated with years since onset of blindness. 3 Understanding the effects of vision loss and recovery on white matter integrity and gray matter thickness not only provides insight into structural plasticity, but may help us predict how an individual will respond to treatment. In the case of electronic retinal prostheses, 4, 5 compromised visual pathways could adversely affect treatment outcome.
Neuroimaging studies have also described the effects of vision recovery on cortical function following various types of restorative procedures. Vision restoration training in patients with 6 months to 8 years of cerebral blindness (resulting from postchiasmatic damage to the visual pathways) resulted in enlarged visual fields, while functional MRI (fMRI) further revealed a change in size and position of population receptive fields that accounted for local increases in visual field. 6 The cortical effects of sight restoration following long-term vision deprivation were documented extensively in a single individual by Fine et al. 7 After becoming bilaterally blind at the age of 3 years, subject MM only experienced minimal light perception until the age of 43 years, when he received a corneal and limbal stemcell transplant in his right eye. Functional MRI responses following the surgery revealed that, while MM's fusiform gyrus and lingual gyrus showed littleto-no blood oxygen level-dependent (BOLD) responses to complex faces and objects, he exhibited normal responses in middle temporal (MT) and medial superior temporal (MST) areas to the motion of simple objects. In addition to these cases, cross-modal responses in the primary visual cortex (V1) have been proposed as a possible biomarker to investigate the effect of vision deprivation and restoration on the visual system. Cunningham et al. 10 found a significant correlation between vision loss and tactile-evoked activity in V1, where reduced visual acuity and visual field were associated with stronger and more extensive cross-modal responses. A similar pattern of tactileevoked V1 activation was observed in sighted individuals after being blindfolded for 5 days and was reversed within 24 hours of removing the blindfold. 22 These studies use neuroimaging to explain psychophysical findings and provide evidence that the visual cortex of blind patients once again can process visual input following vision restoration, with the caveat that visual experience into adulthood is linked to the degree of vision recovery. 7 Measurement of structural and functional changes in the brains of retinal prosthesis patients necessitates the acquisition of MR images that are free of excessive artifacts and noise. The Argus II epiretinal prosthesis (Second Sight Medical Products, Inc., Sylmar, CA) 4 is a treatment option for RP patients that consists of a small glasses-mounted video camera that captures and transmits video to a video processing unit (VPU). This VPU then converts the image into electrical signals that are conveyed to an external transmitter coil and wirelessly transmitted to a 6 3 10 microelectrode array that is implanted onto the surface of the retina.We sought to demonstrate the feasibility of acquiring high-quality MRI and fMRI data in Argus II patients with an inactive (unpowered) implant while in the MRI scanner. This included assessing how the presence of the inactive device affects V1 volumetric data, diffusion imaging of the optic tract and optic radiation, and normality of cross-modal tactile-evoked fMRI BOLD responses in V1. This will serve as a first step towards using MRI to study the short and long-term effects of retinal prosthesis use on cortical structure and function, as well as their association with patients' visual performance following treatment.
Materials and Methods

Participants
Two female subjects (ages 55 and 79 years old) participated in the study ( Table 1 ). The Argus II retinal prosthesis was implanted successfully 6 weeks before our study in subject A1 and 15 weeks before our study in subject A2. In accordance with inclusion and exclusion requirements to receive the device, 8 both individuals had been diagnosed with RP and had a visual acuity of 2.3 logMAR or worse at implantation. Subjects were screened by their ophthalmologists before recruitment and had been advised previously to use their device for 2 to 6 hours per day following surgery.
The Argus II implant is labeled as MRI conditional, per Weiland et al. 9 The external components, camera, and VPU are not MRI safe and, therefore, were removed before the subject entered the scanner room. We collected T1-weighted (T1w) structural images, diffusion MRI (dMRI) data, and task-state fMRI data from the two Argus II subjects. The fMRI data set from the Argus II subjects were compared to data from a group of 9 late-blind patients with RP and 9 sighted control subjects, previously described by Cunningham et al. 10 These 18 subjects had a mean 6 SD age of 45.11 6 13.78 years (range, 21-67 years); sighted control subjects were sex-matched and had a similar age range (24-66 years), as did the RP subjects (21-67 years, Supplemental Table S1 ). The RP group was divided into ''Low Vision'' (n ¼ 5) and ''Blind'' (n ¼ 4) subgroups. Those in the ''Blind'' subgroup had a visual acuity worse than 20/200 (logMAR ¼ 1), a definition of legally blind. All remaining RP subjects were placed in the ''Low Vision'' subgroup.
The dMRI data from the Argus II subjects were compared to data obtained from the RP subjects. In addition, dMRI data from 14 healthy subjects randomly selected from the Human Connectome Project (HCP) Lifespan Pilot Phase 1a data set (age range, 25-78 years, Supplemental Table S2 ) were used as normal controls (dMRI data were collected from only 2 of the 9 sighted control subjects who participated in the study by Cunningham et al. 10 and, therefore, were insufficient). The study received approval from the University of Southern California's Health Sciences Campus Institutional Review Board, and all subjects provided written informed consent after explanation of the nature and possible consequences of the study. MRI experiments were conducted at the USC David and Dana Dornsife Cognitive Neuroscience Imaging Center, and indirect ophthalmic exams (in which the posterior segment of the eye was viewed using a hand-held lens and bright light) were conducted by an ophthalmologist from the USC Eye Institute during each MRI session. Subjects received monetary compensation for their participation. This research followed the tenets of the Declaration of Helsinki.
Image Acquisition
Magnetic resonance images for Argus II and RP subjects were acquired in a 3 Tesla Siemens (Munich, Germany) MAGNETOM TIM Trio scanner using a 12-channel Matrix head coil. For Argus II subjects, postoperative anatomical images were obtained using an MP-RAGE T1w sequence with TR/TE/TI/flip angle/slice thickness ¼ 2.30 s/2.98 ms/900 ms/98/1.2 mm.
Functional images with BOLD contrast for the tactile and visual tasks were acquired using an echo planar imaging (EPI) sequence with TR/TE/flip angle ¼ 2 s/25 ms/608 and 3D PACE (Prospective Acquisition Correction). A total of 36 slices with isotropic voxels of 3 3 3 3 3 mm 3 were oriented axially and covered the entire cerebral cortex except for the tip of the temporal lobe for some subjects. The dMRI data were acquired for both Argus II subjects and 7 of the 9 RP subjects using a diffusion-weighted (DWI) imaging sequence (TR/ TE ¼ 10 s/88 ms), which included 60, 2-mm thick slices with isotropic voxels of 2 3 2 3 2 mm 3 . A whole-brain dMRI protocol with 30 diffusion directions at a b-value of 900 s/mm 2 was repeated 3 times, each for a duration of 5:40 minutes.
Control subjects from the HCP LifeSpan Pilot Project Phase 1a underwent T1w MP-RAGE structural scans (TR/TE/TI/flip angle ¼ 2.4 s/2.12 ms/ 1000 ms/88) and DWI scans (TR/TE/flip angle ¼ 3.67 s/74.8 ms/788, 1.5 mm isotropic voxels) in a Siemens 3T Connectom Skyra. DWI data were acquired through 4 runs representing 2 different shells of b ¼ 1000 and 2500 s/mm 2 . Across these runs, there were 75 gradient directions in each shell. The data were downloaded from the ConnectomeDB (available in the public domain at https://db.humanconnectome. org).
Experimental Stimuli and Tasks
Both Argus II subjects completed the same three tactile tasks as the RP and sighted subjects from a previous study, 10 in the following order: (1) a shapes task requiring subjects to determine if any of a series of raised-line shapes was bilaterally symmetric, (2) a Braille-dot counting task in which subjects counted the number of dots in a series of random Braille letters (subjects were not asked to read the letters), and (3) a sandpaper task requiring individuals to determine the relative roughness between a strip of sandpaper and the sandpaper disc surrounding it. Each subject was given a sheet composed of 4 columns and 5 rows of tactile elements spaced approximately 25 mm apart, for a total of 20 tactile elements per sheet. Subjects completed two sheets for each task using their dominant hand, where the second sheet consisted of the same tactile elements as the first in a rearranged order.
The tasks were performed in a block design paradigm, in which subjects scanned a column during active blocks and rested their fingers in the empty space between columns during rest blocks. Each run was composed of four 20-second active blocks (one active block per column) and five 20-second rest blocks. These blocks were interleaved, with the run starting and ending on a rest block. Subjects were given 4 seconds per tactile element (for a total of 20 seconds per active block/column) for determining symmetry, number of dots, or relative roughness and were instructed to either explore the tactile elements or rest between columns.
Subjects wore headphones, and auditory instructions were given under computer control using a textto-speech function. These instructions also indicated when subjects should move from one tactile element to another in a column; the auditory instructions were presented during rest and active blocks. Participants did not report their answers during scanning. All subjects were asked to keep their eyes open while wearing a light-excluding eye mask (made of black molded cell foam and nylon interlock fabric with a contoured rim) throughout the task. The scanner and scanner room lights were turned off. All completed a training session before entering the scanner and completed a verbal survey about their performance following the scans to ensure that the task was completed properly.
Both Argus II subjects also completed a visual task in which a flickering checkerboard was presented during scanning. The subject was instructed to gaze directly upwards towards a clip-on mirror that was placed on the head coil in front of the subject's eyes. This mirror was oriented towards a rearprojection screen at the back of the scanner, allowing the subject to view the stimulus presentation. The screen size using the clip-on mirror was 23.68 3 18.48 with a viewing distance of 85 cm. Two alternating black and white checkerboards (interleaved with a blank black screen) were flickered every 0.1 s. The stimulus was presented in a design blocked, in which the checkerboard flickered continuously during active blocks and a black screen was presented during rest blocks. Each run was composed of four 20-second active blocks and five 20-second rest blocks. These blocks were interleaved, with the run starting and ending on a rest block. This stimulus allowed us to determine the responsiveness of each subject's visual cortex to visual input.
Experimental Procedure
Both Argus II subjects completed two postoperative sessions after receiving the device. The device currently has Food and Drug Administration (FDA) approved labeling allowing for its conditional use in a 3T MRI, which specifies that under the conditions on the label, a person with an Argus II can enter an MRI scanner. As an added safety measure, a procedure was used that gradually added complexity to ensure the subject's device and implanted eye were unaffected by each set of scans (all scanning parameters complied with those specified in the FDA's approved MRI labeling for the device). Before entering the MRI machine, an ophthalmologist completed a baseline ophthalmic exam during which he examined the externally observable parts of the implanted eye and used an indirect ophthalmoscope to evaluate the retina and the prosthesis inside the eye after pupil dilation. A baseline device test then was conducted according to standard device assessment protocols designed by the Argus II manufacturer.
After verifying that the subject's implanted eye was stable in comparison with previous follow-up examinations and that the Argus II device was functioning properly, the subject entered the MRI scanner for 5 minutes without the external systemno scanning was completed at this time. After exiting the scanner room, a second ophthalmic exam and device functionality test were performed. A brief interview was conducted to determine if the subject felt any unusual sensations around her implanted eye while in the scanner room or scanner bore, including pressure, pain, phosphenes (spots of light), or heat. The subject then reentered the scanner without her external prosthesis coil and completed a series of anatomical scans, functional scans (including tactile and visual stimulus tasks), and DWI scans. The same indirect ophthalmoscopic exam, device functionality test, and subject interview were repeated following the anatomical scans, tactile tasks, and after the scanning session was complete ( Table 2 ).
Functional MRI Data Analysis
Functional data analysis followed closely the procedures described by Cunningham et al. 10 Data were analyzed using BrainVoyager QX 11 in subjects' native space (as opposed to normalizing to a standard space). T1w anatomical data underwent inhomogeneity correction and were reoriented via rigid-body rotation and translation to place the origin at the anterior commissure, and the posterior commissure on the y-axis. Since both Argus II patients underwent multiple scanning sessions, anatomical scans from each were coregistered to each subject's first-session high resolution T1w data. All functional data were preprocessed with 3D motion correction, slice timing correction, and temporal filtering. In cases of excessive head movement, which occurred in subject A2, volumes in which a subject exhibited movement greater than 0.6 mm or 0.6 radians of motion and the corresponding entries in the design matrix were excluded from the analysis (a total of 16 seconds [, 4 .0%] of the data were removed from A2). Spatial smoothing was not applied to the functional data.
Whole-brain voxel-wise BOLD modulation was obtained by estimating the signal level during the active blocks with respect to that during the resting blocks using a general linear model (GLM), with head-motion parameters as covariates. For each subject, individual functional data sets of each run were concatenated after normalization (z-transform). Significant voxel-wise activations were identified at FDR , 0.05 with a minimum cluster size of 25 mm 2 . Activation maps for each subject were constructed by projecting the GLM contrast (t-statistics) obtained from voxels on the cortex onto the reconstructed and inflated cortical surface meshes of the subject.
For the functional analysis, V1 and the primary somatosensory cortex (S1) were identified anatomically for each subject, with V1 consisting of both banks of the calcarine fissure, the parietal-occipital fissure, and the posterior end of the calcarine sulcus. 12 S1 extended from the middle of the central sulcus to the peak of the postcentral gyrus, and from the medial longitudinal fissure to the lateral sulcus. We calculated, for each subject, two complimentary measures (extent and strength) of the unsigned cross-modal response. The areal extent of cross-modal activation in V1 was defined as the percentage of significantly modulated voxels on the cortex within the V1 region of interest (ROI), while the strength of the response was calculated as the mean absolute parameter estimate (b value) of the responding voxels within the V1 ROI. The percentage of modulated voxels and mean absolute beta value of those voxels were similarly calculated within the S1 ROI. We then determined if the Argus II subjects fell within or outside of the ranges of either RP (blind or low vision) or sighted subjects based on descriptive statistics. 
Structural Data Analysis
T1w MP-RAGE images from all subjects were analyzed using FreeSurfer 13 to compute the white matter and pial surfaces. 13, 14 Using these surfaces, gray matter thickness was calculated automatically by FreeSurfer at each vertex of the white matter surface for each subject. We computed the mean thickness over the entire cortex for all vertices that were assigned valid anatomical labels by FreeSurfer, while the total brain volume of each subject was calculated using the skull-stripped image generated in FreeSurfer. A template-based retinotopic mapping method described by Benson et al. 15, 16 was then applied to generate a parcellation of primary visual areas on the cortical surface. The mean cortical thickness of V1 was computed across both hemispheres.
Diffusion MRI was used to identify differences in the integrity of the optic tracts (the nerve bundles between the optic chiasm and the lateral geniculate nucleus [LGN]) and optic radiation (the massive fiber bundles between the LGN and V1) for each subject. Tract integrity was quantified in terms of fractional anisotropy (FA), radial diffusivity (RD), axial diffusivity (AD), and tract volume. The dMRI data from RP and Argus II subjects were pooled from the three repeated scans to generate a dataset with 90 measurements from 30 gradient directions. For consistency with data from the RP and Argus II subjects, only dMRI images acquired at b ¼ 1000 s/ mm 2 were used from the HCP dataset, resulting in 75 gradient directions for each HCP subject. The HCP data were further resampled at 2 mm isotropic spatial resolution to match the RP and Argus II datasets. After correction for eddy current distortion using FSL, 17 we computed fiber orientation distributions (FODs) with eighth order spherical harmonics using a method described by Tran and Shi. 18 A retinofugal pathway reconstruction method was then applied to the FODs to identify the optic tract and optic radiation fiber bundles. 19 Using a tensor-based analysis, we computed FA, AD, and RD values over the entire image volume. The mean value of each measure was then computed for every fiber bundle to characterize diffusivity. To calculate the volume of each bundle, we first converted the bundle to a tract density image at 1 mm isotropic spatial resolution and then reconstructed a smooth surface representation of the fiber bundle. 20, 21 The volume of the bundle was computed as the volume enclosed by the surface. Descriptive statistics were used to compare measurements from the Argus II subjects to those obtained from RP and HCP subjects.
Results
Acquisition of Structural and Functional MR Images in the Presence of the Argus II Implant
A primary concern of MR imaging in Argus II patients was the amount of image distortion that may result from the presence of the implant. For T1w anatomical scans using a 3D MP-RAGE sequence, the implant led to signal drop off and spatial distortion in the vicinity of the implant, including part of the orbitofrontal cortex ( Fig. 1,  top, red solid arrows) . In addition, spatial distortion was also observed extending from the implant along the phase encoding direction (in this case, along the anterior-posterior [AP] axis, Fig. 1 , top, orange dashed arrows and ellipse). The nonlocal artifact is mostly related to movement of the eye with the implant and was limited to the hemisphere ipsilateral to the implanted eye. Its impact can be minimized by having the read-out direction changed to AP, thus limiting the nonlocal artifact to the coronal plane passing through the eyes.
Functional (EPI) images included a similar local artifact in the vicinity of the implant that affected the orbitofrontal cortex of the respective hemisphere (Fig. 1, bottom, solid red arrow) . The nonlocal artifact observed with the MP-RAGE acquisition was not apparent in EPI acquisition, consistent with the interpretation that the nonlocal artifact was a result of eye movement, which is slow relative to the duration of slice acquisition with EPI. At no time did the subjects report any unusual sensation that would indicate untoward interaction between the Argus II implant and the scanner and/ or applied fields. Fundus exams revealed no observable changes to the implant position. The patients reported that their implants functioned normally after scanning.
DWI scans exhibited a similar local artifact around the implanted eye that affected part of the orbitofrontal cortex ( Figs. 2A, 2B ; red solid arrows). This artifact did not extend into our ROIs, and no nonlocal noise or distortions were observed, consistent with the fact that the DWI pulse sequence used a single-shot EPI for readout, similar to the functional EPI sequence. Reconstructed retinofugal tracts from both Argus II subjects showed no obvious artifacts when compared to two HCP control subjects (Figs.  2C, 2D ).
Tactile-Evoked BOLD Responses in V1 and S1
Neither subject exhibited any responses to the checkerboard stimuli-V1 remained unresponsive to visual stimulation during both MRI sessions with inactive implants.
We measured responses in cortical areas V1 and S1 to each tactile task. The S1 responses to the tactile task, which is intramodal, were strong and extensive as expected ( Supplementary Fig. S1 ; extent [mean 6 SD], A1 ¼ [50.7 6 5.0]%, A2 ¼ [36.7 6 13.1]%; strength, A1 ¼ 3.5 6 0.9, A2 ¼ 3.9 6 0.3]). In contrast, the cross-modal responses in V1 varied between the two subjects ( Fig. 3) . Subject A1 showed extensive cross-modal V1 responses for all three tasks, while subject A2 did not (extent, A1 ¼ [55. 8 6 11 .8]%, A2 ¼ [13.0 6 6.5]%). Similarly, subject A1 exhibited stronger V1 responses than subject A2 (strength, A1 ¼ 4.0 6 0.6; A2 ¼ 3.3 6 0.1).
Comparison of Argus II Subject Responses to Late-Blind RP and Sighted Groups
We further compared the BOLD responses in subjects A1 and A2 to our previous 18 RP and sighted subjects described by Cunningham et al. 10 to determine: (1) if we could effectively measure BOLD signal in the presence of the inactive implant and (2) whether the measurements were comparable to those from subjects without the implant. Based on their visual acuity and visual field, subjects A1 and A2 would belong to the ''Blind'' category described by Cunningham et al. 10 Subject A1 completed the study 5 weeks after successful implantation of the Argus II device. The extent and strength of her V1 responses to the tactile tasks fell primarily within the range of the blind RP group (Fig. 4) . Subject A2 completed our study 15 weeks after successful implantation of the device. In contrast to subject A1, the extent and strength of A2's responses in V1 fell primarily in the range of the low vision RP and normal groups.
We further compared tactile-evoked responses in S1 between the Argus II subjects and RP (blind and low vision) and sighted groups. The extent of subject A1's S1 responses was greater than the 75th percentiles seen across all three subject groups, while the strength of her S1 responses fell within the general variability seen within the blind and low vision groups ( Supplementary Fig. S2 ). A similar comparison found that the extent and strength of subject A2's S1 responses to the tasks were within the ranges of the three groups.
Overall, these comparisons showed that in the presence of the implant, we can obtain good measurements of fMRI BOLD responses that are largely in-line with measurements completed without the implant.
Comparison of Anatomical Measurements Across Argus II, Late-Blind RP, and Sighted Groups
To confirm that the presence of the Argus II implant did not affect acquisition of the structural or DWI data, each Argus II patient's V1 cortical thickness, optic tract, and optic radiation FA, AD, and RD values (across both scanning sessions) were compared to those of the RP and HCP control groups. These measurements from each Argus II patient fell generally within the ranges of the RP and HCP groups (Fig. 5 ).
Discussion
The primary concerns in completing MRI scans of Argus II patients, beyond that of patient safety, were the amount and extent of image artifact that would result from the implant. For MP-RAGE, diffusion, and BOLD EPI scans, our data revealed the presence of an artifact that was localized primarily around the patient's implanted eye-this artifact did not extend to other regions of the brain beyond the orbitofrontal cortex immediately adjacent to the implanted eye. In addition, V1 cortical thickness, optic tract, and optic radiation white matter quantifications for the two Argus II patients fell within the ranges of the RP and sighted groups, suggesting these measurements are not grossly affected by the implant. Our results demonstrated that successful data acquisition is possible in retinal implant patients and that normality of the data is maintained.
Results from two Argus II subjects hint at a potential effect of extended use of a retinal prosthesis (and, thus, partial vision restoration), where prosthesis use may decrease tactile-evoked, cross-modal responses in V1. This decrease was evident for subject A2, who had been using the implant for 4 months, but not A1 after 5 weeks of using the device. Admittedly, data from only two subjects cannot be conclusive, and a larger study population is needed to test this hypothesis.
If a larger cohort of Argus II patients shows that these responses do decrease with extended use of the device, it would mean that cross-modal responses in V1 are gradually suppressed once vision is recovered-the strength and extent of subject A2's responses were reduced compared to other blind RP subjects with a similar visual acuity and visual field. It is also possible that the level of cross-modal activity in V1 may depend on a patient's ability to adapt to the device. That is, cross-modal activity in V1 may be negatively correlated with the visual function regained with the device, where lower levels of cross-modal activity after implantation are associated with greater visual function. It is also conceivable that the presurgery level of cross-modal activity may be related to postsurgery visual function.
Results in two Argus II patients demonstrated the feasibility of acquiring neuroimaging data (anatomical, diffusion, and functional) in the presence of the retinal prosthesis, when the device is in its off state. This provides a basis for further fMRI and MRI studies on the effect of sight restoration treatments on cross-modal responses and structure of visual pathways. Activation of the Argus II in a scanner will require a modified communication coil. If this technical challenge can be overcome, then direct measurement of cortical response appears feasible. Figure 5 . Comparison of structural measurements of the optic tract, optic radiation, and V1 among RP and HCP control subjects with two Argus II subjects. For each subject group, boxplots illustrate the distribution of FA, AD, RD, and normalized volume values for the optic tract and optic radiation. The red line indicates the mean of each group, the edges of the boxes indicate the 25th and 75th percentiles, and the whiskers illustrate the most extreme data points. Exact parameter values for each Argus II subject are shown as individual data points for comparison with the RP and HCP subject groups. V1 cortical thickness values were expressed as a percentage of individual subjects' mean cortical thickness, while tract volumes were expressed as a percentage of individual subjects' total brain volume. AD and RD are in mm 2 /s. FA is unit-less. 
